Nickel and cobalt (Ni-Co) binary oxide nanosheets with mesoporous structure are prepared by a facile approach based on the formation and disassociation of nickel/cobalt-citrate complex, and they show an ultra-high Faradaic capacitance up to 1846 F g 21 and excellent rate capability. On this basic, advanced aqueous asymmetric supercapacitors (AASs) are successfully built by using the Ni-Co oxide as the positive electrode and three kinds of activated carbons respectively as the negative electrode. As-made AASs are able to work reversibly in a full operated voltage region of 0-1.6 V and exhibit outstanding electrochemical performance. Among them, activated polyaniline-derived carbon (APDC)//Ni-Co oxide AASs shows the highest specific capacitance of 202 F g
), long cycle life (. 10 5 cycles) and fast charge/discharge processes (within seconds) 1, 2 . Currently, they have been widely used in consumer electronics, memory back-up systems, electrical vehicles and industrial power/energy management 3 . Although supercapacitors have a high power density, they usually suffer from a lower energy density compared with rechargeable batteries 4 . Therefore, it is urgent to develop advanced supercapacitors with enhanced energy density without sacrificing the power delivery and cycle stability. Aqueous asymmetric supercapacitors (AASs), combining a battery-type Faradaic electrode and a capacitor-type electrode, have paid extensive attention as an alternative or supplement to batteries in energy storage field 1, [5] [6] [7] . Aqueous electrolytes endow AASs with the advantages of high ionic conductivity, low cost, non-flammability, safety and convenient assembly in air. In addition, AASs can make use of the difference in the potential windows of two electrode materials to increase the maximum operating voltage in the cell system, leading to significantly improve the energy density of devices 8, 9 . Therefore, AASs are able to fill the gap between batteries and conventional capacitors without sacrificing power/ energy delivery and cycle life.
To our knowledge, the electrochemical properties of two electrodes directly affect the power and energy density of AASs. For the negative electrode aspect, various carbon materials and metal oxides (such as MoO 3 10, 11 , V 2 O 5 12 , or FeOOH 13 ) are widely studied and contribute to the high energy or power density of AASs. Especially, activated carbon with typical electrochemical double layer capacitance (EDLC) property is used to boost the power density of AASs due to its excellent chemical stability, high rate capacity and acceptable cost 6, 8 . In order to fulfill the demand of high-rate performance at the high current loading, ideal activated carbon materials should have large surface area, open porous structure with well-controlled pore size distribution as well as short pore length, which enable the formation of effective EDLC to facilitate the fast transport of electrolyte ions and large amount of charge storage 14, 15 . As for the positive electrode aspect, various pseudo-capacitive materials, including transition metal hydroxides/oxides and conductive polymers 2, 8, 16, 17 , are widely used as the positive electrode materials to enlarge the operating voltage and enhance the energy storage capacity due to their desired redox potential and excellent pseudocapacitive properties. In order to fulfill the demand of high energy delivery, ideal positive materials should have the nanostructure and high mesoporosity 6, 18, 19 . This is because that the pseudocapacitance is majorly related to fast redox reactions arising from the surface faradic process at an appropriate potential. Smaller size and higher porosity can greatly reduce the diffusion path of electrolyte ions, facilitating ionic motion 23 , have been fabricated and exhibited high energy storage capability. However, these AASs still suffer from the relatively low rate capability. This is mainly due to the poor capacitive performance of positive materials at the high current loading and the corresponding carbon negative materials in a low utilization. Thus, the synergistic effect in energy storage from positive electrode and power delivery from negative electrode is critically limited in these AASs.
An efficient strategy to enhance the rate capability of metal oxide/ hydroxide positive materials is incorporating one or two metal ions into them to form multi-metal compounds, such as Ni-Co [33] [34] [35] . More recently, Ni-Co oxide-based AASs, including graphene//Ni-Co oxide and AC//NiCo oxide [36] [37] [38] [39] , have been fabricated and showed remarkably improved rate capability. However, their energy storage capability is still lower than expected value, probably limiting their practical applications.
Here, we design three advanced AASs using mesoporous Ni-Co oxide nanosheets as positive material and different porous AC (commercial AC, activated graphene (AG) or activated polyanilinederived carbon (APDC)) as the negative material to simultaneously improve the energy and power density. To this end, Ni-Co oxide nanosheets were firstly synthesized by using a novel approach based on the formation and disassociation of nickel/cobalt-citrate complex. As-prepared Ni-Co oxide possesses mesoporous structure, and exhibit an ultrahigh specific capacitance of 1846 F g 21 at a current density of 1 A g 21 
Results
Positive electrode materials. In our synthesis, we made use of the formation and disassociation of Ni/Co-citrate complex to synthesize sheet-like Ni-Co hydroxide precursor (Fig. 1a) . The advantage of this approach is that mesoporous Ni-Co oxide can be easily obtained through subsequent low temperature calcination, endowing the product with high specific surface area and outstanding electrochemical characteristics. The field emission scanning electron microscopy (SEM) images (Fig. 1b, Fig.1c , and Supplementary Fig. S1 ) illustrate the mesoporous Ni-Co oxide particles are composed of abundant nanosheets with the irregular and curly layer morphology. Transmission electron microscopy (TEM) image (Fig. 1d ) and annular dark field scanning TEM (ADF-STEM) images (Fig. 1d inset) further reveal that as-made Ni-Co oxide displays intercrossed sheet-like structure with lateral sizes ranging from tens to several hundred nanometers, forming a loose framework with abundant open spaces. The lattice fringes shown in high resolution TEM (HRTEM) image ( , and two shakeup satellites (indicated as 'Sat.') 40 . The Ni 21 /Ni 31 atom ratio obtained from the main lines at 854.7 eV and 856.1 eV is about 0.3, which is close to the value for Ni-Co oxide obtained from the thermal decomposition of nickel and cobalt carbonates 41 . As shown in supplementary Fig. S2c , the Co 2p emission spectrum is well fitted with two spin-orbit doublets, characteristic of Co 21 and Co 31 , and two shakeup satellite [40] [41] [42] [43] [44] . The porous characteristics of Ni-Co oxide were investigated by a nitrogen adsorption-desorption measurement and the corresponding isotherm curves are shown in supplementary Fig. S2d . It can be see that Ni-Co oxide sample gives rise to a type-IV isotherm with an obvious hysteresis loop, indicating the capillary condensation of the mesopores. The sample has a large specific surface area of 207.3 m 2 g 21 and typical mesoporous structure with the pore size distribution centered at 2.9 nm and 4.6 nm (inset of supplementary Fig. S2d ). Such porous characteristics of Ni-Co oxide might be the consequence of the energetically favored phase transformation aspect and strain relaxation in the solid-state oxidative reaction 40, 45 . Electrochemical properties of the mesoporous Ni-Co oxide were investigated by cyclic voltammetry (CV), galvanostatic charge/discharge (GCD) and electrochemical impedance spectrum (EIS) tests in a three-electrode system and a 2 M KOH electrolyte. The CV curves show a typical pseudocapacitive behavior, having a pair of obvious redox peaks of the voltammetry characteristics (Fig. 2a) . The redox peaks indicate that the capacitive response comes from Faradaic redox reactions related to M-O/M-O-OH (M represents Ni or Co) 33 . As shown in Fig. 2b , nearly symmetric potential-time curves at different current densities imply the high charge-discharge columbic efficiency and low polarization of the mesoporous Ni-Co oxide. The specific capacitances are 1846, 1778, and 1486 F g 21 at the current densities of 1, 2, and 5 A g 21 , respectively. Even at a relatively high current density of 10 A g 21 , it still remains at 1158 F g 21 , thereby exhibiting good rate capability and superior electrochemical capacitance (Fig. 2c) . The Nyquist plot (Fig. 2d) ranging from 100 kHz to 0.01 Hz features a high phase-angle (exceeding 45u) impedance plot and a low faradic charge transfer resistance, indicating the fast ion transfer behavior of mesoporous Ni-Co oxide. To the best of our knowledge, such high capacitance performance is rarely observed for electro-active binary Ni-Co oxides 28, [33] [34] [35] [36] [37] [38] [39] , which might be attributed to the mesoporous structure and layer-like morphology of the present electrode material.
Negative electrode materials. Porous activated carbon (AC) materials, with high BET surface area and well-controlled pore structure, enable the formation of effective EDLC to facilitate the fast transport of electrolyte ions, and thus can fulfill the demand of high power delivery performance from AASs 2, 6, 8 . In this study, three kinds of ACs including commercial AC (see supplementary Fig. S6 and S7), AG and APDC were chosen to combine with as-made mesoporous NiCo oxide respectively, to build AASs. As shown in Fig. 3a and Fig. 3b , as-made AG displays irregular shapes with sharp corners, while as-prepared APDC exhibits typical nanorods-like morphology with an average diameter of 100 nm. TEM images highlight that both of www.nature.com/scientificreports them have highly disordered and dense pores, as shown in Fig. 3c and 3d. As the curves (Fig. 3e) show that, the two samples possess the characteristic type-IV isotherm for mesoporous materials, and the specific surface areas are 2572 and 3353 m 2 g 21 respectively. The corresponding pore size distributions (Fig. 3f) The electrochemical properties of three ACs were also tested in a three-electrode cell using 2 M KOH electrolyte. All of the ACs show nearly rectangular shaped CV curves, indicating an ideal capacitive behavior, as shown in Fig. 4a and Supplementary Fig. S8 . Their charging/discharging curves are relatively linear and symmetrical, also indicating typical characteristic of an ideal supercapacitor ( Fig. 4b and Supplementary Fig. S8 ). Among these ACs, the APDC sample shows the largest CV area and the longest charge/discharge time, which indicates the largest specific capacitance. It can be calculated from the discharge curve with a value of 354 F g 21 at the current densities of 1 A g 21 . The specific capacitance for AG and AC is about 265 and 279 F g 21 , respectively. Even at a relatively high current density of 20 A g
21
, both AG and APDC retain more than (Fig. 4c) . Moreover, all of the ACs exhibit outstanding cycle stability with exceeding 80% capacitance retention after 2000 cycles at a high charge/discharging current density of 5 A g 21 , as shown in Fig. 4d . These results indicate that three ACs, especially APDC, can deliver high specific capacitance and superior rate ability, making them suitable to pair with as-prepared mesoporous Ni-Co oxide to build advanced AASs.
Advanced AASs based on mesoporous Ni-Co oxide and three ACs. Three AASs, including AC//Ni-Co oxide, AG//Ni-Co oxide and APDC//Ni-Co oxide, were respectively built by using as-prepared mesoporous Ni-Co oxide as the positive electrode and commercial AC, as-made AG or APDC as the negative electrode. Figure 5a shows the schematic of the assembled structure for such AASs. Figure 5b and Supplementary Figure S9 show the typical CV curves of as-made AASs measured at the different scan rates. Interestingly, the CV curves of AG//Ni-Co oxide and APDC//Ni-Co oxide AASs both exhibit a relatively quasi-rectangular shape. It indicates the fast electrolyte ions transport and redox reaction kinetics for the two AASs due to the excellent synergistic effect of two different energy storage mechanisms. The specific capacitance and rate capability of these AASs were also evaluated by GCD measurements. A good liner relation of the charge/discharging potentials with time is observed (see Fig. 5c and Supplementary Fig. S10 ), indicating a rapid currentpotential response and small equivalent series resistance 6, 46, 47 . Furthermore, these curves display the typical triangular shape, demonstrating the excellent electrochemical reversibility and good columbic efficiency. The specific capacitance is calculated from the discharge curves with values of 144, 150 and 202 F g 21 at the current density of 0.5 A g 21 for AC//Ni-Co oxide, AG//Ni-Co oxide and APDC//Ni-Co oxide AASs, respectively. At a relatively high current density of 20 A g 21 , the specific capacitance still remain at 71, 80 and 117 F g 21 , respectively (Fig. 5d) . Furthermore, EIS spectra (Fig. 5e) show that as-fabricated AASs have the low electronic and ionic resistances at high frequencies, a vertical line characteristic of capacitive behavior at low frequencies, and a low time constant (t 0 , below 10 s), indicating the fast charging/discharging behaviors. In addition, as shown in Fig. 5f , for AG//Ni-Co oxide and APDC//NiCo oxide AASs, no serious decay of capacitance is observed after 4000 cycles in KOH electrolyte at a high current density of 5 A g 21 , indicating outstanding electrochemical stability. The slight decay of cycle-life for AASs is probably due to the loss of adhesion of active material with the current collector, and the corrosion of current collector caused by the dissolved oxygen in electrolytes during the cycling or matching problems 22 . Therefore, based on the above investigations, it is revealed that APDC//Ni-Co oxide AAS has the best electrochemical capacitive properties. Figure 6a shows Ragone plots of as-fabricated AASs. As the plots show, the values and change trends of energy and power density for AC//Ni-Co oxide and AG//Ni-Co oxide AASs are very similar, for example, AG//Ni-Co oxide AAS gains a maximum energy density of 53 Wh kg 21 at a low power density of 0.4 kW kg 21 and it remains 28.3 Wh kg 21 at a high power density of 16 kW kg 21 . By way of contrast, APDC//Ni-Co oxide AAS gains the maximum energy density of 71.7 Wh kg 21 at the power density of 0.4 kW kg
Discussion

21
. This maximum value of energy density is much higher than other reported nickel and/or cobalt-based AASs, such as graphene or . However, it is important to notice that the high energy density for reported porous graphene//Ni(OH)/graphene AAS is strongly limited by its relatively low power delivery, for example, the energy density decreases to 13.5 Wh kg 21 at a high power density of 15.2 kW kg 21 (Fig. 6b) . As we know, the most important point for high performance supercapacitors is to obtain a high energy density and meanwhile remaining an outstanding power density. In comparison, our APDC//Ni-Co oxide AAS simultaneously combines the excellent properties of high energy density and high power density.
As shown in Fig. 6b , it still has a high energy density of 41.6 Wh kg 21 at the high power density of 16 kW kg 21 . The superior electrochemical performance of the APDC//Ni-Co oxide AAS is mainly attributed to the following aspects: 1) sheet-like mesoporous Ni-Co oxide plays a key role in fabricating the AAS with high energy and power density. Sheet-like morphology and mesoporous structure are able to enrich and shorten the diffusion paths for both electrons and ions in the oxide materials and enhance interfacial redox reactions, resulting in the increase of capacitance and rate capability. In addition, the synergistic effects of nickel and cobalt atoms in Ni-Co oxide is not neglected through modifying their physical properties (thermodynamics and active site density) and spurring a deeper average level of discharge associating to a two electron-transfer process (two electron redox reactions) 52 .
2) The high surface area and mesoporous structure of APDC are favorable toward forming a large amount of double layers and promoting electrolyte ions intercalation/deintercalation, which both are able to provide enhanced energy storage and good rate capability. Also, mesoporous APDC with nanorod morphology can visually shorten the ionic diffusion paths and thus reduce the ionic diffusion loss owning to the ohmic resistance and electron transfer resistance. Due to that, mesoporous APDC pairing with mesoporous Ni-Co oxide endows the resulting AAS with ideal capacitive behavior. For instance, APDC//Ni-Co oxide AAS shows a quasi-rectangular shape of CV curve and can charge/discharge at a pseudo-constant rate over a full operated voltage. Therefore, based on the above results and discussion, it is a promising way that through increasing the specific capacitance and rate capability of both negative and positive materials to raise the energy and power density of AASs. More recently, Wang and co-workers successfully designed a novel intertwined CNT-MnO 2 hybrid structure on Ni foam, and as-made graphene foam//CNT-MnO 2 ASS shows an extremely high energy density (98 Wh/kg) and power density (200 kW/kg) 53 . It is mainly due to the novel 3D hierarchical structure and good electrical conductivity of CNT-MnO 2 material, favoring the diffusion and migration of electrolyte ions and consequently improving the effective electrochemical utilization of MnO 2 . We believe that, if the Ni-Co oxide nanosheets are anchored on the conductive CNTs, graphene sheets or a 3D conductive framework, their electrochemical performance would be further improved. In the near future, we will work on this issue.
Methods
Synthesis of mesoporous Ni-Co oxide. The preparation of Ni-Co oxide includes a formation and dissociation of complex process followed by a heat treatment step, as shown in Fig. 1a . In a typical synthesis, 0.172 mM of Co(NO 3 ) 2 ?6H 2 O, 0.172 mM of Ni(NO 3 ) 2 ?6H 2 O and 1.16 mM of C 6 H 5 Na 3 O 7 ?2H 2 O were firstly dissolved in 20 ml of distilled water under magnetic stirring. To this mixture, 10 ml of NaBH 4 aqueous solution (0.1 mol L
21
) was rapidly injected with vigorous stirring, generating a black solution. The whole solution was kept stirring for 2 h at room temperature to promote the complete oxidation of Co and Ni particles and to form stable cobalt/ nickel-citrate species, as suggested by the color change of the solution from black to clear. More details about the role of sodium citrate was given in Wang and Kong' work 54 . After that, 5 ml of 4 M NaOH aqueous solution was added to the mixture immediately. The reaction mixture was kept stirring for 5 min and then left undisturbed at 60uC for 24 h. Finally, a light green solid was obtained, indicating the formation of Ni(OH) 2 /Co(OH) 2 hybrid precipitation. The precipitation was collected and washed with ethanol and distilled water by centrifugation at 5000 rpm, and dried at 60uC. After a subsequent thermal treatment at 200uC in air for 6 h with a heating rate of 2uC min 21 , the light green precipitation was changed into black Ni-Co oxide powder. The optimal parameters, such as the Co/Ni molar ratios and calcination temperatures, were discussed in Supplementary Fig. S2-S4 .
Synthesis of activated graphene (AG). AG was prepared by a KOH activation approach according to Ruoff' work with a little modification 55 . Briefly, a graphene oxide (GO) aqueous suspension (5 mg ml
) was prepared by sonication of graphite oxide, which was obtained from natural graphite using modified Hummers method. Ten ml of 6 M KOH solution was added into 100 ml of GO suspension under vigorous stirring. The water in the GO/KOH solution was then evaporated using an oil bath at 100uC under constant stirring until the solution was transformed into dry mixture. The dry mixture was then heated at 800uC for 1 h under an argon atmosphere. After being cooled down to room temperature, the product was washed with dilute HCl solution and ultrapure water until the pH value of washing water reached 7, and then dried at 60uC in air.
Synthesis of activated polyaniline-derived carbon (APDC) nanorods. The polyaniline (PANi) nanorods were synthesized by oxidative polymerization of aniline with ammonium per-sulfate in an aqueous solution containing citric acid. A typical process was shown as follows: 10 g of aniline and 10 g of citric acid were mixed in 1000 ml of distilled water. Then, an aqueous solution of ammonium persulfate was rapidly added into the above mixture solution with a vigorous stirring. After 30 s, the stirring was stopped and the resulting solution was left standing for 24 h at 4uC in a refrigerator. After that, a dark green PANi nanorods suspension with high suspended stability was formed. The PANi nanorods were collected by filter with water and then dried in freezer dryer for 48 h. As-prepared PANi nanorods were then pyrolyzed at 800uC for 1 h under argon atmosphere to obtain PANi-derived carbon (denoted as PDC). Subsequently, KOH activation was carried out as follows. Typically, 0.4 g of PDC was impregnated with 2.4 g of KOH in aqueous phase with the aid of sonication. After the removal of water, the dried PDC/KOH mixture was heated at 800uC for 1 h under an argon atmosphere. After being cooled down to room temperature, the product was washed with dilute HCl solution and ultrapure water until the pH value of the washing water reached 7, and then dried at 60uC in air. The final porous activated PDC nanorods product was designated as APDC.
Structural characterization. Field emission scanning electron microscopy (FESEM, Hitachi S4800) and transmission electron microscopy (TEM, JEOL 2100 FEG) were employed to investigate the microstructure of as-prepared electrode materials. Powder X-ray diffraction (XRD, Rigaku D/Max-2400) was performed using Cu-Ka radiation to investigate the structure and composition of the samples. The surface chemical compositions of as-prepared Ni-Co oxide was examined by X-ray photoelectron spectroscopy (XPS, Perkin-Elmer PHI-5702) with 1486.6 eV radiation as the excitation source. Raman spectra of carbon samples were recorded using a micro-Raman spectroscopy (JY-HR800, the excitation wavelength of 532 nm). The nitrogen adsorption-desorption isotherm measurements were performed on a Micromeritics ASAP 2020 volumetric adsorption analyzer at 77 K. The BrunauerEmmett-Teller (BET) method was utilized to calculate the specific surface area. The pore-size distribution was determined by a nonlocal density functional method using the nitrogen adsorption data, and assuming a slit pore model. The total pore volume was estimated from the amount adsorbed at a relative pressure of P/P 0 5 0.99.
Electrode preparation and electrochemical measurements. The working electrodes were prepared as follows: 80 wt % of sample was mixed with 7.5 wt % of acetylene black and 7.5 wt % of conducting graphite in an agate mortar until a homogeneous black powder was obtained. To this mixture, 5 wt % of poly(tetrafluoroethylene) was added with a few drops of ethanol. After briefly allowing the solvent to evaporate, the resulting paste was pressed at 10 MPa to the nickel gauze with a nickel wire for an electric connection. The assembled electrodes were dried for 12 h at 60uC in air. Each electrode contains about 5 mg of electro-active material and has a geometric surface area of about 1 cm Electrochemical measurements each electrode material were firstly performed using an electrochemical working station (CHI660D, Shanghai, China) in a threeelectrode system in 2 M KOH aqueous electrolyte at room temperature. A platinum gauze electrode and a saturated calomel electrode served as the counter electrode and the reference electrode, respectively. The average specific capacitance values were calculated from the galvanostatic discharge curves, using the following equation:
Where I is constant discharge current, Dt is the time period for a full discharge, m indicates the mass of the corresponding active electrode material, and DE represents the voltage change after a full discharge.
A two-electrode cell configuration was used to measure the performances of asmade AASs in 2 M KOH aqueous electrolyte. The loading mass ratio between each carbon materials and Ni-Co oxide was optimized according the specific capacitance calculated from their discharge curves, respectively. It is well known that the optimal mass ratio between the positive and negative electrodes is obtained when the charge (q) is a certain balance between the two electrodes (q 1 5q 2 ). The charge stored by each electrode usually depends on the specific capacitance (C), the work operating voltage (DE) and the mass of the electrode (m) following Equation 2: 6, 8 q~C|DE|m ð2Þ
and in order to meet the demands (q 1 5q 2 ), the mass balancing will be expressed as follows: 6, 8 m z =m {~C{ |DE { ð Þ = C z |DE z ð Þ ð 3Þ
For example, the Ni-Co oxide and APDC, the optimal mass ratio (positive/negative) between the two electrodes should be close to 0.55. The active materials were homogenously mixed with PTFE, acetylene black and conducting graphite according to the above stated method, and then were deposited on the current collector (nickel foam, 12 mm diameter). The mass loading of positive electrode (Ni-Co oxide) and negative electrode (APDC) was 2.3 mg and 4.2 mg, respectively. After being dried and pressed at 10 MPa, the electrodes were assembled into a coin cell (2032 style) and separated by a porous nonwoven cloth separator. Aqueous KOH electrolyte (2 M) was used as the electrolyte. The energy density (E) of AASs can be achieved by the specific capacitance (C) and the cell voltage (V) according to the following equation:
The power density (P) of AASs can be achieved by the energy density (E) and the discharging time (t) according to the following equation:
